Objectives: To evaluate fasting serum insulin levels and insulin resistance, and their association with blood rheology, in Japanese young adults without diabetes. Methods: Blood samples were analysed and blood rheology was estimated using haematological parameters. Whole blood passage time was measured using a Hitachi MC-FAN ß microchannel array flow analyser. Results: Out of 151 subjects (mean age, 24.1 AE 1.5 years), fasting serum insulin levels and insulin resistance (using homeostasis model assessment-estimated insulin resistance [HOMA-IR]), were positively correlated with longer whole blood passage times and higher values for haematocrit (Hct), haemoglobin (Hb), fibrinogen, body weight, body mass index (BMI), triglycerides, and low-density lipoprotein cholesterol (LDL-C)/high-density lipoprotein cholesterol (HDL-C) ratio, and were negatively correlated with HDL-C. Whole blood passage time correlated with body weight, BMI, LDL-C/HDL-C ratio, Hct, Hb, white blood cell (WBC) count, platelet count, fibrinogen, fasting serum insulin levels, and HOMA-IR. Multiple regression analysis revealed that whole blood passage time was independently associated with Hct, fibrinogen levels, and WBC count. Conclusions: Fasting serum insulin levels and insulin resistance were associated with blood rheology, and may influence blood rheology by modulating haematological parameters and lipid parameters in young adults without diabetes.
Introduction
The prevalence of obesity and metabolic syndrome is a rising problem in children and adolescents worldwide, 1,2 therefore, prevention, early detection, and intervention for children, adolescents, and young adults at risk, may be important for long term health. 1, 2 Insulin resistance has been proposed as the key factor leading to abnormalities observed in metabolic syndrome, such as central obesity, impaired glucose tolerance, diabetes mellitus, hypertension and dyslipidaemia, all of which can contribute to cardiovascular diseases. [1] [2] [3] [4] Insulin sensitivity and resistance influence blood rheology in subjects with obesity, hypertension and metabolic disorders, [1] [2] [3] [4] and impairment of blood rheology is reportedly increased in patients with lifestyle-related diseases, such as hypertension, dyslipidaemia, 5, 6 cardiovascular diseases 7, 8 and diabetes. [9] [10] [11] [12] In healthy young men, insulin sensitivity was reported to be associated with blood rheology, 13 however, whether fasting serum insulin levels and insulin resistance are associated with blood rheology in young adults remains unclear. In previous studies, blood rheology has been assessed using fibrinogen levels, platelet count, haematocrit (Hct) levels, red blood cell (RBC) aggregation, RBC viscosity, plasma viscosity, and whole blood viscosity, 5, 7, 8, 13 all of which are parameters that partially reflect blood rheology.
The aim of the present study was to estimate the association between two insulin parameters, namely fasting serum insulin levels and insulin resistance, and blood rheology in young adults. Thus, whole blood passage time was evaluated using a MC-FAN ß microchannel array flow analyser (Hitachi Haramachi Electronics, Ibaraki, Japan), which has been used in previous studies to clinically evaluate blood rheology using microscopic images.
14 A unique feature of MC-FAN ß is that it can mimic microthrombus formation in microvessels, via blood flow through the minute watercourses produced on a siliconized chip.
14-18 MC-FAN is superior to other methods of measuring whole blood passage time, in terms of accuracy of channel dimension measurement and high reproducibility, and a number of studies have reported the clinical advantages of MC-FAN in evaluating blood rheology and microcirculation. 7, 8, [13] [14] [15] [16] [17] [18] [19] Cardinal blood rheological parameters were also assessed in the present study, including Hct and haemoglobin (Hb) levels, platelet count, white blood cell (WBC) count, fibrinogen levels, antithrombin-III activity, and plasminogen activity. Various clinical parameters were also examined for clarifying the clinical significance of blood rheology as an identifying factor for metabolic syndrome in young adults.
Subjects and methods

Study population
Japanese young adults (aged 20-29 years), recruited from the local population of Gunma Prefecture, Japan, were sequentially enrolled in this prospective observational study conducted at the Department of Clinical Laboratory Medicine, Gunma University Graduate School of Medicine, Gunma, Japan between October 2011 and September 2014. Participants with fasting plasma glucose ! 110 mg/dl or glycosylated haemoglobin (HbA 1c ) ! 6.0 % were excluded. Body mass index (BMI) was calculated as body weight (kg) divided by the square of height (m 2 ). Insulin resistance was calculated using homeostasis model assessment-estimated insulin resistance (HOMA-IR), calculated using the following formula: 20 HOMA À IR ¼ fasting plasma glucose mg=dl ð Þ Â fasting serum insulin mIU=ml ð Þ =405
Insulin resistance was also calculated using the updated model assessment of insulin resistance (HOMA 2-IR) using the Oxford Diabetes Trials Unit calculator software. 21, 22 Insulin sensitivity was calculated using the McAuley insulin resistance index, 23 
Clinical and laboratory examination
In the morning following a 12-h fast, anthropometric measurements were made, and blood samples were collected into three polypropylene tubes for serum and plasma analyses and for whole blood rheology measurements. 14, [16] [17] [18] Blood samples (2 ml) were obtained by puncture of an antecubital vein using 23-G needles while the subject was in a sitting position. For plasma samples, blood was collected into tubes containing 3.2% sodium citrate anticoagulant, then centrifuged at 1 500 g for 15 min at 4 C and analysed immediately following centrifugation. For serum samples, blood was collected and allowed to clot at room temperature for 10 min, then centrifuged at 1 710 g for 10 min at 4 C and analysed immediately following centrifugation. Blood samples from all subjects were analysed using the following systems according to the manufacturer's instructions: Hct and Hb levels, WBC count and platelet count were measured using an XE-5000 haematology system (Sysmex, Kobe, Japan); HbA 1c levels were determined using an ADAMS TM A1c HA-8180 glycohaemoglobin analyser (ARKRAY, Kyoto, Japan); fasting plasma glucose levels were determined using an ADAMS TM Glucose CA-1170 system (ARKRAY); insulin levels were determined using an AIA-2000 LA automated immunoassay analyser (TOSOH Bioscience, Tokyo, Japan); total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and triglyceride concentrations were determined using a LABOSPECT 008 automatic analyser (Hitachi, Tokyo, Japan); plasma fibrinogen levels were determined via an automated Clauss assay using Thrombocheck Fib (L) reagent (Sysmex) and Sysmex Õ CS-5100 system (Sysmex); plasma antithrombin-III and plasminogen activity were determined using a Sysmex Õ CS-2100i system (Siemens, Erlangen, Germany).
14,16-18
Blood rheology
For whole blood rheology, blood was collected into tubes containing heparin solution (0.1 ml, 1000 IU/ml) and immediately analysed 14, [16] [17] [18] by measuring whole blood passage time with a MC-FAN microchannel array flow analyser (Hitachi Haramachi Electronics) as previously reported. 7, 8, [13] [14] [15] [16] [17] [18] [19] Briefly, a 200 l aliquot of each blood sample (kept between 24-28 C) was introduced into a cylinder connected to the inlet hole of a silicon chip holder using a 1 ml disposable syringe and a thin catheter. The blood sample was allowed to flow through the microchannel array (Bloody 6-7; Hitachi Haramachi Electronics; V-shaped groove width, 7 mm; length, 30 mm; depth, 4.5 mm) by applying a pressure difference of 20 cm of water. The flow rate was determined by recording the times when the meniscus of the sample crossed the graduation marks (10 ml intervals between 0 and 100 ml) on the sample cylinder. Simultaneously, the flow of blood cells through individual microchannels was observed and recorded using an inverted metallographic microscope, video camera and video recorder. The passage time of 100 ml saline was determined before each blood measurement to check the accuracy of the equipment (permissible range, 10-14 s), which was then used to correct the whole blood passage time of 100 ml of whole blood to that expected when the passage time for saline was 12 s. The corrected passage time of whole blood was calculated as (observed passage time of whole blood-Â 12)/observed whole blood passage time of saline. Inter-and intra-assay coefficients of variation for the whole blood passage time were 8% and 5%, respectively.
Statistical analyses
To detect any significant associations using simple linear regression and multiple regression analyses, the present study was determined to require > 150 subjects. Data are presented as mean AE SD. Simple linear regression analysis was used to assess the relationship between whole blood passage time and various factors. Multiple regression analysis was performed to assess the independent predictors of whole blood passage time. All probability values were two-tailed. A P value < 0.05 was considered statistically significant. All statistical analyses were performed using IBM SPSS 
Results
A total of 179 Japanese young adults were enrolled; 28 were subsequently excluded due to fasting plasma glucose ! 110 mg/dl or HbA 1c ! 6.0 %. Thus, 151 Japanese young adults without diabetes (mean age, 24.1 AE 1.53 years) were included in the final analyses (Table 1) .
Association between fasting serum insulin levels and other parameters
Simple linear regression analyses of fasting serum insulin levels and physical and biochemical parameters in Japanese young adults without diabetes are shown in Table 2 . Fasting serum insulin levels were positively correlated with whole blood passage time ( Figure 1a ), body weight, BMI, LDL-C/ HDL-C ratio, triglyceride, fasting plasma glucose, Hct, Hb, and fibrinogen levels. Fasting serum insulin levels were negatively correlated with serum HDL-C levels.
Association between insulin resistance and other parameters
Simple linear regression analyses of estimated insulin resistance (calculated via HOMA-IR), and physical and biochemical parameters in Japanese young adults without diabetes, are shown in Table 3 . HOMA-IR was positively correlated with whole blood passage time (Figure 1b) , body weight, BMI, LDL-C/HDL-C ratio, triglyceride, Hct, Hb, antithrombin-III activity and fibrinogen levels. HOMA-IR was negatively correlated with HDL-C levels.
In terms of other markers of insulin resistance, simple linear regression analyses of McAuley index and physical and biochemical parameters revealed that McAuley index was negatively correlated with body weight (r ¼ À0.309, P < 0.001), BMI (r ¼ À0.341, P < 0.001), LDL-C (r ¼ À0.171, P ¼ 0.035), LDL-C/HDL-C ratio (r ¼ À0.315, P < 0.001), Hct (r ¼ À0.332, P < 0.001), Hb (r ¼ À0.313, P < 0.001), fibrinogen levels (r ¼ À0.235, P ¼ 0.004), and whole blood passage time (r ¼ À0.245, P < 0.001), and was positively correlated with HDL-C levels (r ¼ 0.287, P < 0.001). Simple linear regression analyses of HOMA 2-IR and physical and biochemical parameters revealed that HOMA 2-IR was positively correlated with body weight (r ¼ 0.354, P < 0.001), BMI (r ¼ 0.467, P < 0.001), LDL-C/HDL-C ratio (r ¼ 0.243, P ¼0.004), triglyceride (r ¼ 0.342, P < 0.001), Hct (r ¼ 0.233, P ¼ 0.004), Hb (r ¼ 0.217, P ¼ 0.008), antithrombin-III activity (r ¼ 0.165, P ¼ 0.043), fibrinogen levels (r ¼ 0.206, P ¼ 0.011) and whole blood passage time (r ¼ 0.243, P ¼ 0.003), and was negatively correlated with HDL-C levels (r ¼ À0.213, P ¼ 0.009).
A strong linear correlation between HOMA-IR and HOMA 2-IR (r ¼ 0.988, P < 0.001), and HOMA-IR and McAuley index (r ¼ À0.748, P < 0.001), was detected in the present study population.
Association between whole blood passage time and other parameters
Simple linear regression analyses of whole blood passage time and physical and biochemical parameters are shown in Table 4 . Longer whole blood passage times were associated with higher values of height, body weight, BMI, LDL-C/HDL-C ratio, fasting serum insulin, HOMA-IR, HOMA 2-IR, McAuley index, Hct, Hb, plasminogen activity, antithrombin-III activity, fibrinogen levels, platelet count, and WBC count (all P < 0.05).
Independent predictors of whole blood passage time
Independent predictors of whole blood passage time were analysed using multiple linear regression (Table 4) , and showed that Hct levels, fibrinogen levels and WBC count independently predicted whole blood passage time in Japanese young adults without diabetes.
Discussion
The present study showed that in Japanese young adults without diabetes, fasting serum insulin levels and insulin resistance were correlated with whole blood passage time (a blood rheology parameter). Fasting serum insulin levels and insulin resistance were also found to be positively correlated with fibrinogen levels in this study population, in addition to cardinal parameters of blood rheology, namely Hct, and Hb. Significant associations have been reported between high Hct values and increased risk of diabetes, 9,24-26 and higher Hct values are shown to decrease blood flow as a result of an increase in whole blood viscosity. 13 Decreased blood flow is thought to lead to insulin resistance by the reduction of glucose delivery to skeletal muscle. 13, 25 Blood flow reduction to the pancreatic b-cells, by way of vasoconstriction, has been shown to result in b-cell dysfunction. 24 Increasing evidence supports the finding that insulin levels, insulin resistance, and insulin sensitivity are closely related to haematological parameters such as Hct, Hb and WBC count. 9, 10, 25, [27] [28] [29] [30] Higher body weight is also shown to be closely related to haematological parameters. 9, 25 These data suggest that Hct values are influenced by body weight, BMI, insulin levels and insulin resistance, and also suggest that higher Hct values affect the incidence of diabetes by modulating blood rheology in the skeletal muscle and pancreatic b-cells. The present study further investigated the association of blood rheology with insulin parameters, and showed that longer whole blood passage times were associated with higher values of fasting serum insulin and insulin resistance. Consistent with previous reports, [14] [15] [16] [17] [18] [19] values of whole blood passage time in the present study were associated with physical parameters (body weight and BMI), lipid parameters, (HDL-C, LDL/HDL ratio, and triglyceride) and haematological parameters (Hct, Hb, platelet count, and WBC count). It has been suggested that insulin and related substances may stimulate erythropoiesis to increase Hct levels, and that higher Hct levels reduce the rate of glucose delivery to the skeletal muscle by way of decreased blood flow. 13 Other reports proposed that insulin resistance-related hyperinsulinaemia may cause vasoconstriction through sympathetic neural activation, which would raise whole blood viscosity due to an increase in Hct levels. 13, 31 In the present study, Hct levels were found to be an independent predictor of whole blood passage time, and Hct levels were associated with fasting serum insulin levels and insulin resistance.
Investigations into the association between insulin sensitivity and blood rheology have indicated that low insulin sensitivity increases RBC aggregation, while hyperinsulinaemia increases plasma viscosity. [32] [33] [34] Whole blood viscosity is known to be associated with whole blood passage time, and the present authors have previously proposed a simplified model for estimation of whole blood viscosity from whole blood passage time. 35 Whole blood passage time can be estimated by MC-FAN, 15 and this method differs from rotational viscometer, capillary viscometer and filtration methods, as it enables the viewing of blood flow under a microscope connected to a visual display unit while measuring whole blood passage time. 14, 15 The present authors have reported previously that whole blood passage time was correlated with RBC deformability.
14 Although the value of whole blood passage time reflects whole blood viscosity and RBC deformability, this method is not able to evaluate RBC specific aggregation or viscosity. To better understand blood rheology, RBC aggregation and viscosity need to be evaluated together with whole blood passage time. In the present study, WBC count was found to be an independent predictor of whole blood passage time. Blood viscosity depends largely upon RBC, WBC and platelet counts, 36, 37 and the present authors have previously reported the significant association between whole blood passage time and Hct levels, RBC count, and WBC count. 17 These previously published results concurred with the present findings that Hct levels and WBC count were positively correlated with whole blood passage time. A significant association has been reported between WBC count and insulin resistance in subjects without diabetes. 9 Filtration parameters and membrane fluidity of polymorphonuclear leukocytes are reported to differ between normal subjects and patients with diabetes, 38 however, in the present study, fasting serum insulin levels and insulin resistance were not found to be associated with WBC count. This discrepancy may be explained by differences in study populations, as subjects in the present study were relatively young, with a mean age of 24.1 years, and the mean age of subjects in one of the published studies was 49.5 years. 9 This hypothesis is supported by previous reports indicating that aging is associated with a subclinical proinflammatory state in healthy older adults. 39, 40 The present study revealed that fasting serum insulin levels, insulin resistance and whole blood passage time were associated with fibrinogen levels, and indicated that fibrinogen is an independent predictor of whole blood passage time. These results are supported by previous studies in which high fibrinogen levels related to the degree of obesity and insulin resistance. 41, 42 Insulin resistance is thought to increase fibrinogen levels by raising plasminogen activator inhibitor-I levels, 43 and plasma insulin levels affect plasminogen activator inhibitor-I release. 44 Plasma viscosity and RBC aggregation are directly influenced by plasma fibrinogen. [45] [46] [47] Increased plasma fibrinogen levels have a direct and significant effect on blood rheology. 12 These published reports and the present findings suggest that insulin levels and insulin resistance indirectly influence blood rheology by affecting plasma fibrinogen levels.
In the present 151 Japanese young adults without diabetes, insulin resistance, but not fasting serum insulin levels, weakly related to antithrombin-III activity. Recent studies have suggested a new relationship between insulin and antithrombin-III: Binding of insulin to the plasma protein antithrombin-III via coupling to a pentasaccharide, enhances the half-life of insulin, 48, 49 and insulin resistance may influence antithrombin-III, although the relationship between antithrombin-III activity and insulin resistance remains controversial. 50, 51 As HOMA-IR is a surrogate measure of insulin resistance, and has an updated version (HOMA 2-IR), HOMA 2-IR and the McAuley index were also used to assess insulin resistance in the present study. HOMA-IR was strongly correlated with HOMA 2-IR and the McAuley index, and these values of insulin resistance were correlated with whole blood passage time as well as cardinal parameters of blood rheology. Although HOMA-IR is a surrogate measure, HOMA-IR reflects insulin resistance in young adults without diabetes.
The present cross-sectional study included a relatively small number of participants and was performed in a single centre. A prospective multicentre study, including a larger sample size, is necessary to confirm the hypothesis of the present study, and the importance of monitoring physical and haematological parameters as well as insulin levels and insulin resistance to predict the occurrence of metabolic diseases in young adults without diabetes.
In conclusion, the present study showed that fasting serum insulin levels and insulin resistance were significantly associated with haematological parameters and blood rheology in Japanese young adults without diabetes. Insulin levels and insulin resistance affect blood rheology by modulating haematological parameters and fibrinogen levels, in addition to lipid parameters. These results suggest the importance of monitoring physical and haematological parameters to predict the occurrence of metabolic disorders.
